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Abstract

The precipitation of hydrogen in zirconium cladding can compromise the safety of
nuclear facilities. A phase field model is being developed to study the precipitation
of hydride, their orientation and their morphology. A multi-phase field model and a
grand potential model were developed and are coupled with elastic models using the
properties of the alpha zirconium and delta hydride phase to study the precipitation
of hydrides, their orientation and their morphology. Both models were verified using
analytical solutions, and then applied to the a-Zr/§-ZrH; g6 system. Future work will

take plasticity into account to study sympathetic nucleation.
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1 Introduction

Zirconium alloys are widely used in the nuclear industry. Due to their properties, they
are the current choice for the fuel cladding in the reactor core for UOs fuel in Light Water
Reactors. A zirconium cladding indeed presents a low neutron absorption cross section,
a good thermal conductivity, and an adequate resistance to corrosion. It also resists well
to void swelling, and its mechanical properties are compatible with the ones from the
fuel. Moreover, zirconium is available at a reasonable cost. However, the precipitation
of hydrogen in the zirconium can cause problems during operation or dry storage. These
hydrides cause the embrittlement of the cladding, which facilitates crack propagation,
and thus leads to the release of fission products. Understanding hydride precipitation
would increase the safety of nuclear facilities by preventing cladding failure.

An abundance of experimental research has been conducted to study zirconium
hydrides ([I 2 B]), but a quantitative numerical model is still needed to study the
effect of the different physics involved. The multi-phase field model is a method of
choice to study microstructure evolution ([4 []), and this model is presented in section
2l However, the grand potential model has the great advantage of decoupling the bulk
free energy contribution to the interfacial free energy of the system, thus potentially
reducing the computational time. Its formulation is detailed in section [3 The coupling
of these models to elastic models is described in section [d Finally, the application of

these phase field model to the zirconium hydride system is described in section



2 Multi-phase field model

2.1 Generalities

A multi-phase field model describes the change in composition as well as the evolution
of the structural aspect of a microstructure using field variables ([6l [7), 5]). These field
variables are divided into two types, conserved and non-conserved. Conserved vari-
ables, like concentration, must respect the conservation equation, while non-conserved
variables, like order parameters, do not. All variables are continuous across the entire
domain. As a consequence, the interfaces of the microstructure are diffuse. This aspect
of phase field models makes it sometimes challenging to analyze since interfaces are usu-
ally descrete in real materials, but it allows the study the evolution of microstructures
by simply solving partial differential equations.

In the case of the Zr/H system, one uses a single conserved variable ¢ representing the
molar fraction of hydrogen, and one non-conserved variables 7;, called order parameters,
for each phase. The value of an order parameter is equal to 1 in the phase that it
represents, equal to 0 in other phases or other orientations, and fluctuates between 0
and 1 at the interface. Fig. [l shows a precipitate in a surrounding matrix, with the

corresponding values of the order parameters.

2.2 Total free energy

The phase field approach is based on minimization of the total free energy, which is

given by:

F = / (fchemical + finterface + fmechanical) dv (1)
\4

where f.pemicat cOrresponds to the chemical free energy density. It can be a poly-
nomial function, or a more complicated and physically accurate function. [fiser face
corresponds to the interfacial free energy, and f.cchanicar 1S the contribution from the

mechanical energy, which takes into account the elastic and plastic deformations of the
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Figure 1 — The order parameters describe the microstructure. An order parameter is
linked to the orientation of a phase of the system. It is equal to 1 in a grain of this
phase with this orientation, and continuously goes to 0 outside of the grain.

system.

2.3 Phase field equations

The evolution of the system is governed by the minimization of the free energy. Never-
theless, conserved and non-conserved parameters evolve in different ways. The spatial
and temporal evolution of the microstructure are governed by two coupled equations,

the Cahn-Hilliard and the Allen-Cahn equations.



2.3.1 Cahn-Hilliard equation, for conserved variables

The temporal evolution of the conserved variables are determined by the Cahn-Hilliard
equation [§]. This equation is derived from the equation of the flux given by the theory

of irreversible thermodynamics and the law of mass conservation.

Jc oF

where M is the mobility.

2.3.2 Allen-Cahn equation, for non-conserved variables

The temporal evolution of the non-conserved order parameters is described by the Allen-
Cahn equation [9]. This equation is a reaction-diffusion equation, and does not have
the constraint of mass conservation like the Cahn-Hilliard equation. The time rate of

change of such a parameter is hence directly proportional to its diffusion potential.

an oF
a-(5) ?

Where L is a positive kinetic parameter related to the interfacial mobility.

3 Grand potential model

3.1 Generalities

One of the limitations of the multi-phase field model is the intrinsic coupling between
the bulk free energy of the different phases of the system and the interfacial free energy.
This coupling often causes the interface to be strictly limited in size, which makes the
simulations computationally expensive due to the necessity to define a very fine mesh.
The grand potential model does not have any coupling between the bulk free energies
and the interfacial free energy, allowing to scale up the interfaces’ sizes, thus reducing

the computational time of the simulations. The approach is different than the multi-



phase field model, but Plapp has shown that the two models are perfectly equivalent
under certain constraints [I0]. The evolution of the system is based on a grand potential
functional instead of a free energy functional, and the chemical potential replaces the

composition as the fundamental field.

3.2 Expression of the grand potential

The grand potential functional is described by the following expression:

Q= /V (wbulk + wgrad + Wehemical + welastic) dV (4)

wpur Tepresent the bulk grand potential density. wy,qq corresponds to the contribu-
tion of the gradient of the order parameters to the grand potential density. wenemicar
describes the contribution of the chemical free energy. The last term wgqsic takes the

elastic contribution to the grand potential into account.

3.3 Grand potential models equations

The field variables of the grand potential model are the chemical potential 1 and the
order parameters 7);.

Equation [5] governs the evolution of the chemical potential. The first term is ana-
logue to a diffusion term, while the second term corresponds to the effect of a difference
in composition at the interfaces. y is a generalized susceptibility, D is the solute diffu-
sion coefficient, p is the density of solute.

op 1 on

o8 _ 1 (v (D () x (1.0 1) — L1 (o ) — () m) )

The evolution of the order parameters follows equation [6]

877041’ aQ
—L
o =t [

= o (6)

Where L a positive kinetic constant that corresponds to the mobility of the interfaces.



4 Coupling with elasticity

4.1 Generalities

The evolution of a system, especially a microstructure, is often dependent on the me-
chanical properties of the system. The phase field models need to be coupled with an

elastic model in order to obtain quantitative results.

4.2 VTS and KHS models

There are different possible interpolation schemes that exist to introduce the elastic free
energy contribution to the total free energy, or to the grand potential. Two of them
are the Voight-Taylor scheme (VTS) [II] and the Khachaturyan’s scheme (KHS) [12],
and they are not equivalent. The difference lies in the interpolation of the material
properties at the interface between two phases. In the VT'S model, the elastic energy is
interpolated between the two phases. The stress and strain are determined separately
in each phase, then the elastic energy is determined for every phase. Only then is the
global free elastic energy defined as the interpolation of all the elastic free energy. In
the KHS model, the stiffness tensor and the misfit strain are interpolated to create a
global stiffness tensor and a global strain. The stress is then determined as a global

stress, and the contribution of the elastic free energy is added to the phase field model.

4.3 Simulations results, and comparison with analytical solu-
tion

The new models coupled with elasticity were verified by comparing the results with
analytical solution for a 2 phase system («, and /) in different configurations, as was
done by Aagesen in [I3] for another phase field model. One of these configuration is
the bicrystal configuration. Figure [2| shows the geometry of the system and the profile
along which the results are plotted.



Figure 2 — Schematic of the geometry of the domain for the bicrystal configuration.
The profile of the results was plotted along the red line.

Fig. [3| shows the profile of the elastic free energy and allows to compare the per-
formances of the different elastic models in the bicrystal configuration. The analytical
solution presents, by construction, no excess elastic energy. The VTS and KHS model
present respectively a positive excess elastic energy with a large peak at the interface,
and a slightly negative excess elastic free energy. The KHS model seems more appro-

priate then the VTS model for the introduction of the elastic free energy contribution

to the grand potential.

Profile of the elastic free energy for different elastic models, and
analytical solution
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Figure 3 — Comparison of the elastic energy profiles derived using different elastic mod-
els (VTS and KHS) with the analytical solution for the bicrystal configuration. The
analytical solution, plotted in orange, corresponds to an interpolation of the elastic free
energy using the order parameter profile obtained without elasticity. The VTS model
overestimates the elastic energy contribution, while the KHS model underestimates it.



5 Application to the Zirconium hydride model

Studying the evolution of the morphology of Zirconium hydride requires to model a 2
phases system. The first phase, called the a-Zr phase, corresponds to the « zirconium
phase with hydrogen in solid solution. The other phase, called § phase represents the
hydride phase.

To apply the phase field models coupled with elasticity described in section [3] the
chemical and mechanical properties from the a and ¢ phases are introduced in the
model, and the parameters of the models are define to reproduce the characteristics of
the zirconium hydride model such as the interfacial energy [14].

This model uses expression for the free energies of the hydrides based on results
obtained using the density function theory [I4]. These free energies shown on Fig.
are based on experimental and simulation results on zirconium hydrides. The grand

potential densities are easily derived from the free energy densities (w, (1) = f, (1) —pp).

Gibbs free energies from databases - Bair
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Figure 4 — Gibbs free energies of the different phases of the model.

Mechanical properties of the different phases of the model like the elastic constants
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or the eigenstrain values can be found in the literature [I5, 06, I7]. Coupling the
zirconium hydride phase field model with the VTS or the KHS model is similar to what

has been described in section [l

Conclusion and future work

A multi-phase field model and a grand potential model coupled with elasticity have
been developed in MOOSE. These models have been verified by comparing the results
to analytical solutions in simple cases, and was then applied to the a-Zr/d-ZrH; g
system. Different elastic models were implemented, and this study has confirmed the
fact that the KHS elastic model provides more accurate results than the VTS model.

The inherent decoupling of the bulk free energy from the interfacial energy that the
grand potential model presents makes it very interesting compared with other phase
field models. The interface thicknesses can be defined larger than in other models,
allowing the use of coarser mesh in simulations, and could thus provide faster results.
This could allow to observe clear orientation of the hydride along the basal plane,
which was difficult before due to the computational costs of simulations when using the
multi-phase field model.

Future work should focus on adding plasticity to the phase field models coupled
with elasticity to obtain quantitative results for the a-Zr/d-ZrH; g6 system that could

be compared with experimental results.
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